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It has been one of the longstanding problems in both nuclear structure 1 l and nuclear reaction physics 2 l whether the adiabatic single-particle states or the diabatic ones are more appropriate for describing large-amplitude collective motion. This problem is ultimately related to the question of what kind of single-particle configuration remains to be a constant of motion (or good quantum number) during the development of the collective motion. Therefore, their proper physical meaning ought to be clarified by studying the exceedingly rich struCture of the time-dependent Hartree-Fock (TDHF) symplectic-manifold, where the nonlinear effects in a finite many-fermion system are expected to play a decisive role. According to recent remarkable progress in the general theory of the nonlinear dynamical system, 3 l e.g., the order-to-chaos transition dynamics, it has been clarified that the phase space is filled with various types of motion caused by nonlinear interactions, which are not expected from simple physical intuition, but are only explored through numerical simulation. An analytic understanding of the nonlinear phenomena, i.e., the development of the nonlinear theory can be well achieved, only after the complicated phase space structure has been explored numerically.
The aim of the present paper is to develop a new algorithm for studying the complicated structure of the TDHF-manifold, by going one step further from our previous work. 4 
l
In the previous work, we restricted ourselves to the structure of the TDHF coordinate space, i.e., the shape of the potential energy surface (PES) in the multi-dimensional coordinate space. In the practical numerical method, it is well known that the constrained (C-)HF equation is more feasible than the HF equation in searching for many local minima satisfying the HF condition. Conventionally, the CHF equation has been solved numerically by using the gradient method, 5 l which usually reaches the most energetically favorable state for a given constraining condition, and ends up with the adiabatic collective potential. It may be associated with a rather sudden change of the configuration as well as an abrupt change in the structure of the single-particle orbitals. On the other hand, another potential, called the diabatic collective potential, has been introduced, which is defined under the following assumption: the structure of the single-particle orbitals and the configuration are kept unchanged regardless of the magnitude of the constraining value. Since the nucleus is a self-sustained system, however, the structure of the single-particle orbitals depends on the constraining values due to the self-consistency of the mean-field. To introduce the diabatic single-particle orbitals, one usually applies a practical method so as to eliminate the "virtual interaction", 6 > which induces a relatively large structural change of the single-particle orbitals. Although there is much phenomenological support for introducing the diabatic basis, there certainly exists some ambiguity in defining the virtual interaction to be eliminated.
In order to study an applicability and a limitation of both the adiabatic and diabatic single-particle orbitals, it is desirable to explore the structure of the TDHFmanifold, where two types of single-particle orbitals show quite different properties.
Aiming at studying what happens in this region, and finding out many other HF points usually not accessible by the conventional numerical method, we proposed the reference state (RS) method by exploiting the fact that the CHF solutions always constitute many differentiable CHF-lines in the TDHF coordinate space, and every HF point rests on one of these lines. In Fig. l(a) , an example of the CHF-lines projected onto the constraining collective subspace (the quadruple deformation variable) is shown. 4 > What is observed in Fig. 1 is that the main components of the wave functions on the curves (i) and (iii) are interchanged, as the magnitude of the deforma- tion changes from prolate to oblate. This structural change is numerically detected in the RS-method, because the increment of the deformation used in the calculation is chosen numerically in such a way that the squared overlap between two adjacent CHF states belonging to the same CHF-line should not be less than 0.9. This condition guarantees the continuity property of the CHF-line. Actually, the numerical results turned out to be the same as in the calculation of Fig. 1 when one applies the more severe condition 0.99 instead of 0.9. As is seen in Fig. l(a) , the calculated points become dense near q=0.02 and q= -0.05, indicating a rather sudden change of the single-particle wave functions constituting the CHF state. This suggests that the configuration change is taking place rather abruptly near the dense calculated-point region, in comparison with the other part of the CHF-line. It is also seen that this character change along the CHF-line is closely related with the single-particle level crossings ( Fig. l(b) ). Applying the conventional phenomenological method of introducing the diabatic basis, in Fig. l(a) , one may draw the "diabatic-lines", which start from the observed dense calculated points on the CHF-lines. In order to explore the basic issue regarding the adiabatic single-particle states vs. the diabatic ones, and an effect of the structural change in the CHF-line on the collective excitation mode, one must study the properties of the TDHF trajectories, whose initial condition is set on the various points on a given CHF line. For this purpose, it turns out to be inevitable to develop a new numerical method appropriate for clarifying the structural change of the TDHF trajectory, which is running in a region where more than two different CHF lines come close to one another.
Showing the basic idea of the new numerical method, in § 2, we adopt the simple three-level model in Ref. 7) . By projecting the CHF-lines as well as the TDHFtrajectories onto the collective subspace, we discuss the relation between them. The structural change of the TDHF trajectory is investigated by means of a newly developed method, which intends to find a set of various local minimum points affecting the trajectory. In § 3, the feasibility of the new method discussed in § 2 is illustrated by applying it to a more realistic case with a density dependent effective interaction. Section 4 is devoted to summary and discussion. § The general time-dependent Slater-determinant state l¢>(t)> for theN-particle system is given by
where l¢o> is the HF state
satisfying the HF equation
The TDHF trajectory is determined by the canonical equations of motion
where a set of canonical variables (CJ', C; j=1, 2) is introduced through the transformation(//, /j)->(CJ', C),
Using a set of real variables (xj, Pi; j = 1, 2) defined through In this model case, we use the convention 1i = 1. The set of canonical variables (xj, Pi; j = 1, 2) describes the TDHF manifold and the coordinate space (xi, xz) is called the TDHF coordinate space. The two-dimensional PES V(xi, xz) is defined as
This is shown in Fig. 2 . The general constraining one-body operator is given by
By means of the function defined through
each point on the TDHF coordinate space {xr, x2} is mapped onto the constraining coordinate space {q}, which will be called the collective subspace. The CHF equation is given by
whose solution is also shown in Fig. 2 . As is seen from Fig. 2 , there are more than two continuous CHF lines in the TDHF coordinate space, and there exists some region where more than two CHF states coexist for a given constraining condition. The parameters used for the Hamiltonian (2·1) are: N=4, co=O, cr=16.4, c2=18, Vi = V2= -16/3, Vs= -4/15, V4= -2/15, Vs=O, Vs= -8/3. The parameters in the constraining operator Q are: Qrx=1, Qry=1/5, Q2x=Q2y=2, Qs=Q4=0.
TDHF trajectories and CHF lines
By projecting the continuous CHF lines onto the collective subspace through Eq. (2·12), one obtains many continuous collective PES for a given q. On the other hand, the adiabatic collective PES is introduced by connecting the pieces of the continuous collective PESs by using such a condition that the energy should be minimum for any given value of q.
Since we are interested in the relation between the collective motion and the When the energy of the TDHF trajectory around the point ¢1 is small and below that of another local minimum point ¢z (i.e., case i) in Fig. 3(a) ), the continuous collective PES, which limits the amplitude of the projected trajectory, is identical with the adiabatic collective PES. In this case, the conventional picture where the collec- tive motion of the system is controlled by the adiabatic collective PES may be valid for describing the collective dynamics of the system. On the other hand, when the energy of the TDHF trajectory is above that of another local minimum point ¢z (i.e., cases ii) and iii) in Fig. 3(a) ), the conventional adiabatic picture no longer holds. The smaller limit q of the projected TDHF trajectory is not on the adiabatic collective PES, which is a part of the projected CHF line characterized by the local minimum point ¢z, but on the projected CHF line passing through ¢1. In this situation, it is clearly seen that the TDHF trajectory is not controlled by the adiabatic collective PES, but closely related to the continuous collective PES, along which a change of the single-particle configuration remains minimum as the constraint value changes. The TDHF trajectories on the TDHF coordinate space are shown in Figs. 3(b)~(d) .
In Fig. 4 , one may observe the same situation for the TDHF trajectories, which are restricted around the local minimum point ¢z. The projected trajectory, whose initial condition is set at some point on the CHF line characterized by ¢2, is also limited by the continuous collective PES. Though the initial condition of the trajectories is alternatively regarded to be put on the adiabatic collective PES, the trajectories do not reach the other side of the adiabatic collective PES. The TDHF trajectories on the TDHF coordinate space are shown in Figs. 4 
(b)~(d).
Thus the conventional viewpoint based on the adiabatic collective PES is not appropriate for understanding the dynamical behavior of the TDHF trajectories in Fig. 4 . However, it is important to note that the major feature of the collective trajectory starting from some point on the CHF line is well described by the collective variables alone, because it is connected with only one potential minimum, and the main component of the trajectory is represented by the constraining coordinate q alone.
When the energy of the TDHF trajectory becomes sufficiently large (Fig. 5) , the projected trajectory seems to be limited by the adiabatic collective PES, and controlled by it. However, the situation is not so simple. The TDHF trajectory displays an irregular motion in the TDHF manifold. Its pattern is complicated and looks even chaotic in the Poincare section map illustrated in Fig. 5(b) . In Fig. 5(c) , the situation can be clearly seen when the TDHF trajectory is displayed on the TDHF coordinate space. In this coordinate space, the trajectory seems to cover densely a wide triangular area, which is allowed for a given energy. In this energy region, a single collective PES is not appropriate to describe the complicated behavior of the TDHF trajectory, no matter whether it is adiabatic or continuous collective. What is important in the present case is to recognize that the TDHF trajectory is not described by the collective variable alone, but by introducing an additional degree of freedom which can distinguish different potential minima.
HF points affecting the TDHF trajectory --Trajectory referred method--
In the previous subsection, it was shown that the projected CHF lines on the collective subspace give many continuous collective PESs. By solving the TDHF equation, it was also shown that the collective motion starting from a series of consecutive points on the CHF lines undergoes structural changes when the number of local minima connected with the trajectory changes. The structural change indicates the necessity of additional degrees of freedom so as to identify the different local minima, in addition to the constraining collective variables. Consequently, it is desirable to develop a new numerical method of finding out many local minima which affect a given trajectory. Since one possible way may be provided by applying the RS method 4 > to an arbitrary point on the TDHF trajectory, let us recapitulate the method in a form appropriate for the present purpose: Here, the occupied single-particle state in the RS 'is the only one in the present model, and is denoted by I ¢Rs,i=I>. This is called the maximum overlap condition (MOC). 4 l Thus, the new density p<n+IJ and the new one-body Hamiltonian h[p<n+l)] are obtained by using the new hole state l<t>P+IJ> satisfying the MOC. 4. The above steps 2 and 3 are repeated until a self-consistency between the eigenstate 1¢/nJ> and the one-body Hamiltonian h[p<nl] is completed. As is easily recognized in the above iterative process, one may reach the HF state which is located at the nearest point to the reference state l¢<n=oJ>. Since the real part of the TDHF state is taken as a reference state, the above numerical procedure will be called the trajectory referred (TR) method.
Typical results obtained from the above numerical method are shown in Figs. 6 ~8. In these figures, the iterative processes starting from various points on the TDHF trajectory are shown together with the resulting stationary points in the collective subspace {q}.
In Figs. 6 and 7 , we show the case where the excitation energy is rather small, and the TDHF trajectory is restricted in the neighborhood of the local minimum point. In this case, the above method connects the reference points (states) on the trajectory with the corresponding local minimum point. From the figures, it can be seen that each point on the TDHF trajectories is characterized by only one basic stationary mean-field, i.e., local minimum point ¢I or ¢2. This means that the single-particle configuration corresponding to the local minimum point remains to be the main component in the time-dependent state specified by (xj(t), Pi(t)) in the TDHF manifold. For these cases, the projected CHF lines onto the collective subspace have the meaning of the collective PES as long as the excitation energy of the trajectory is not too high.
On the other hand, in Fig. 8 , we illustrate the case where the excitation energy is high enough and the TDHF trajectory covers a much wider area of the TDHF manifold. In this case, the trajectory is connected with three different minimum points. Though the trajectory is irregular (even chaotic) in the TDHF manifold, our method can find three different stable mean-fields, which are embedded in the "stochastic sea". In the figures, we can see that the trajectory visits three different areas specified by the local minimum points in an irregular order and stays there for an indefinite period. In this way, the method stated above clarifies one aspect of the character changes of the collective motion as it develops from a small amplitude to a large one. Here, the character change in the trajectory is represented by the set of local minimum point(s) obtained by the method. When the excitation energy of the TDHF trajectory is small, the method picks up only one minimum point irrespective of the starting point on the TDHF trajectory. As the excitation energy becomes high, the method gives several local minimum points, which affect the trajectory. Since every point on the TDHF trajectory is connected with a certain local minimum point, the points on the TDHF trajectory can be classified into several groups in terms of these local minimum points, with which they are connected, even if the trajectory displays irregular patterns in the phase space. § 3. Properties of the TDHF trajectory --A case with the density dependent Hamiltonian --
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High-lying Hartree-Fock states and CHF lines
In the previous section, it was shown that the collective PES does not necessarily yield adequate information when it develops into the large amplitude region. This situation is expected to occur when the TDHF trajectory is under the influence of more than two local minima, and when many CHF lines come close to each other. Although the quantum mechanically interesting TDHF trajectories may be the closed orbits, it is decisive to know a set of new coordinates which can distinguish many local minima connected with the collective TDHF trajectories. It is the objective of the present section to study whether the method proposed in the previous section is also applicable for the realistic case.
Let us apply the new numerical method to a more realistic case with the density dependent effective interaction. The single-particle Hamiltonian is chosen to have the following form: and a2, ag and as are constants. Here, ¢/r) is a single-particle wave function and A is the total number of nucleons. For simplicity, we neglect the spin and isospin degrees of freedom of the nucleon and consider only the spatial part of the singleparticle wave function ¢/r) (j=1, ···,A'). This form of the single-particle Hamiltonian has been used in Ref. In this paper, we restrict ourselves to the case with axial symmetry and reflection symmetry. The z-axis projection (Q) of the nucleon angular momentum and the parity (.7r) of the nucleon wave function are good quantum numbers. given as
iii !t ¢;(r, t)=h[p(r, t)]¢i(r, t), j=1, ···,A',
where the nucleon density p(r, t) is constructed by using the occupied single-particle wave functions ¢;{r, t). The occupied states are specified by the initial conditions at t=O.
The solution of the TDHF equation (3·5) is formally expressed as
where T is a time-ordering operator. In the practical numerical calculation, time is divided into discrete steps, and the formal solution in Eq. (3·6) is used to propagate a wave function at time tn (n=O, 1, 2, ···)into that at tn+I,
where h is a one-body Hamiltonian introduced for keeping the total energy constant, 10 > and Lit is a time step of integration which is taken to be 10-24 (second) in our calculations. The Hamiltonian his made of the nucleon density Pn+I=-p(r, tn+I) at tn+I and Pn=-p(r, tn) at tn. In the present case, h has the following form,
The exponential function in Eq. (3 · 7) is approximated by the power series expansion
where J/max is an integer number. In our calculations, we have used the fixed number J/max=10. Since we use the harmonic oscillator wave functions as basis functions, the wave function ¢ir, fn) and the one-body Hamiltonian h are expressed as vectors and a matrix, respectively. The time integration in Eq. (3·7) is achieved by applying a series of matrix multiplication as in Eq. (3·9) to the vector representing the wave function ¢ir, tn). The initial conditions ¢ir, 0) (j=1, ···,A') are taken to be the CHF solutions, which were obtained in the previous subsection. Starting the time integrations in Eq. (3·6) from an arbitrary point on the CHF line, we obtain a TDHF trajectory in the multi-dimensional TDHF manifold. With the goal of studying the structural change of the TDHF trajectory starting from an arbitrary point on the CHF line, we apply the TR method discussed in § 2. 3. In this method, we choose a set of representative points on the TDHF trajectory as the reference states. Taking a single-Slater determinant state described by the set of time-dependent single-particle wave functions {¢i(r, t); j=1, ···,A'} as the reference state I1>Rs>, we carried out the iteration process from the step 1 to 4 discussed in § 2.3. Here, it is to be noted that, though the reference state consists of complex wave functions, the vectors representing the wave functions ¢ir) in the iterative process are taken to be real, since we are going to determine the wave functions satisfying the HF condition. The MOC plays an essential role also in this case in the iterative process of finding the self-consistent solutions. Typical numerical results are given in Figs. 10~12. In these figures, the TDHF trajectories in the multi-dimensional phase space are represented by the time dependence of the value of deformation calculated from the density in Eq. (3 · 5).
a) Ground state branch
Let us discuss the properties of the TDHF trajectories starting from an arbitrary point of the lowest CHF line, which passes through the lowest HF state. The time development of the trajectory is expressed in the deformation coordinate (collective subspace), which is shown in Fig. lO(a) . As is clearly seen from this figure, the TDHF trajectories starting from the lowest CHF line are always oscillating around the ground state, irrespective of the initial amplitude. In this case, the TDHF trajectories display regular motion, and the lowest CHF line projected onto the collective subspace may be regarded as the collective PES which characterizes the TDHF trajectories. This statement is also consistent with the numerical results obtained by the TR method, also illustrated in Fig. 10 . In Figs. 10(b) and (c), the convergence process of the TR method started from various representative points on the TDHF trajectory is shown for the two cases with the small-and the large-amplitude initial conditions. In the small-amplitude case, shown in Fig. 10(b) , the first iteration already produces a state very near to the CHF line, and every solution of the TR method converges to the HF ground state, no matter where the initial reference state is located on the TDHF trajectory. In the large-amplitude case, which is depicted in Fig. 10(c) , some solutions are eventually kicked out to the higher energy region during the iteration processes. This is caused by the fact that the wave function considered in our iteration process in the TR method is chosen so that the MOC is satisfied. In spite of the large fluctuations, the iteration processes always lead to the HF ground state. These cases in Fig. 10 The numerical results for the TDHF trajectories starting from the arbitrary points on the high lying CHF line, which passes through the high-lying HF state labelled as "2" in Fig. 9 , are shown in Figs. 11 and 12 .
When the amplitude of the TDHF trajectory is small, as illustrated in Fig. ll(a) , the TDHF trajectory mapped onto the collective subspace oscillates in the neighborhood of the high-lying HF state "2". Though the behavior of the oscillation is not as simple as that of the small amplitude motion around the HF ground state, the destination obtained by the TR method is only one, i.e., the high-lying HF state "2". The convergence process of the TR method is shown in Fig. ll(b) . This case also corresponds to Figs. 6 and 7 in the SU(3) model case in § 2. When the relative excitation energy becomes higher, as shown in Fig. 12(a) , the TDHF trajectory expressed in the collective subspace displays rather irregular largeamplitude oscillation. To study the properties of this irregular motion, we apply the TR method to the TDHF trajectory, whose iteration process is depicted in Fig. 12(b) . As is clearly seen from Figs. 12(a) and (b), we can find three different local minimum points. One of these is the high-lying HF state "2", which is found in the small amplitude motion. The other two minimum points are detected when the excitation energy becomes high. These two minima are lower in energy than the high-lying HF state "2". This situation corresponds to the case of the SU(3) model illustrated in Fig. 8 , where the TDHF trajectory is characterized by multiple minimum points. From Figs. 11 and 12 , we can easily imagine the geometrical structure around the high-lying HF state. It is located at the bottom of a small well and is accompanied by two different minimum points with lower energies. § 4. Summary and discussions Making use of a simple model Hamiltonian, we have discussed the relation between the TDHF trajectories and the CHF lines in the TDHF coordinate space. Since we are interested in the collective motion, we have concentrated our discussion on the collective TDHF trajectories, which start from an arbitrary point on the CHF lines. When one projects the CHF lines onto the collective subspace, which is characterized by the constraining operator through the relation (2 ·12), one is involved in the question of whether the adiabatic collective PES or continuous collective PES is appropriate for describing the collective motion. It turns out that the smallamplitude oscillation around the local HF state is well characterized by the continuous collective potential, which is the projection of the CHF line passing through the HF state under discussion onto the collective subspace. This situation remains unchanged, as long as the collective trajectory is connected with only one HF point. By calculating the collective TDHF trajectories, it was shown that the structural change of the collective motion occurs when the number of local minima connected with the trajectory changes. In this case, one has to introduce additional degrees of freedom to describe the structural change of the collective motion, by properly identifying the existence of more than one local minimum although the collective motion seems to be controlled by the adiabatic collective PES. By applying the new numerical method to a more realistic case, it was shown that the proposed method is feasible for a more complicated system.
Since the HF states thus obtained for describing the structural change of collective motion may be well characterized by the difference of the configuration among them, one may easily find an additional degree of freedom, which should be treated explicitly, in addition to the collective coordinates. By applying the self-consistent collective coordinate method/ 1 > in the separate paper, it is discussed how to explicitly include the new degrees of freedom in the band-crossing region, where more than two CHF lines come close to each other.
>
By combining these two approaches, one may clarify the proper meaning of the adiabatic and diabatic single-particle orbitals, as well as the adiabatic and diabatic collective PES in the actual situation appearing in Fig. 1 , which will be reported in a subsequent paper.
